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OPTICAL DETECTION AND PROBING OF SINGLE DOPANT

MOLECULES OF PENTACENE IN A p-TERPIIENYL IIOST CRYSTAL

BY MEANS OF ABSORPTION SPECTROSCOPY

L. Kador , 1). E. I lorne, and W. lF. Moerner

IM Research )ivision

Almaden Research Center

San Jose. California Q5120

ABSTRACT: Using a combination of laser frequency-modulation absorption spectroscopy

and either Stark, longitudinal ultrasonic, or transverse ultrasonic internal modulation, tile

optical absorption spectrum of a single impurity molecule of pentacene in p-terphenyl crystal

may b" measured at liquid helium temperatures. The general properties of this detection

method are illustrated by first applying tile technique to the detection of persistent spectral

holes in the pentacene/p-terphenyl system. Selection of a single absorber for measurement

is accomplished by tuning the probing laser far out into the wings of the inhomogeneously

broadened 0-0 absorption lines for either the 01 or 02 sites. The single-molecule line shape

is similar to that predicted by a simple model of the double-modulation process. The

approximate amplitude of the single-molecule signals suggests that triplet bottleneck power

broadening is suppressed far out in the wings of the inhomogetous line. This work probes

the ultimate N= I limit of the statistical fine structure present in all inhonogienous

absorption lines.

Present address: U iniversitv of Bayreuth, Bayreuth. Vest (,ermany
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1. Introduction

Optical absorption Ilnes of impurity molecules or ions in a solid matrix are usually subject
1, 2

to inhomogencous broadening thereby reflecting various imperfections in the structure

of the host material. The inhomogcneous (list ribution ca i be roughly described by a

(;aussan profile, since the exact position of each individual absorption line depends on many

random paranmcters, namely the position and orientation of the absorber with respect to those

of all the surrounding molecules in the matrix. I lowever, as has been demonstrated recently
+1- 5 a closer examination shows that a fundamental statistical fine structure (SFIS) is

superimposed on the smooth (aussian curve. This fine structure is due to statistical

fluctuations of the number ofr individual absorption lines from one frequency interval withi-
the inhoinogeneous distribution to the next. According to fundamental laws of statistics, the

hI uct nations in the number of absorption lines per homogeneous linewidth, Nn , are equal

to the square root of its average value,

AN , I i l [ (I)

in the limit Ni > > 1. Since the absorption coefficient L, is proportional to Nil , the SFs,

which corresponds to the fluctuations in or. is largeqt in highly doped samples and at the

center of an inhornogeneous line (as long as the concentratio- is not too large). The relative

magnitude of the SFS, ANnINn, on the other hand, incr- ,ith decreasing impurity

concentration. Finally, at extremely low concentrations or far out in the wings of an

inhomogeneous line. the absorption spectrum consists onl of individual molecular absorption

lines, so that

AN,, Ni. (2)

ihis is the Iirmit Nl < < I. In the present pa per we slow that ,,bso, pMion signals due to

ingle molecules in i solid matrix can be detected, corresponding to tile attainienit of the

ultimate Nil, I limit of SFS. Our model systcni is pentacenle in ,-terphcnvl single crystals.



InI the past l6sv years. several iiltrasensiti\ Ce\pe inlnts For tile optical1 detectionl and

spect roscopy Of' Sl:Pin dc )SIIC' Iborer V;i arim e Clv;roninctt were performed \ Iost of, thle

work was conicent rated onl single atomic ions confi ned nt elect romnaguct ic trap, il vactiliml.

or ex. 1 .. by (letectin g thle lituoreccnce Frontl t taippcd insslowed bv laser-coolin,

%ariety of mit crest In qa kturnttfl jumip and,( phcn ant bIunching peoenleeubev(

that test our understanding of' balsic atomlic anld quanitum pllvsics. For tile caseC of I ig" It

was even possible to deterine thle radiative tranlsit ion rates between the fbOur lowest eneray

levels; froml thle qlIitunl lumlps of a single jll. Inl the same svstem. I) oppler sideha nds

of' one specific trilsition inl a sinle ion (Ili to seculnr miotiont inl thle pseidopotftiail OF tile

rf trap were detected 1.While mio'4 of' thesec expcririlentS inlvolved1 tile mleasuiremlent of' the

fluorescence From tile coilfined 10il. a1 suiccessfb absorpt ion expeIn)lellclt was also reported

Inl cotndetlsed matter, tile experimecntal tech; ilqutes for dletectinlg sinil absorbing centers

have tnot been developed as fhar as fhor tile case of trapped ions inl vactium. imuportanlt earix

results inluded tile detction (If' s1ing~e viruses, anid bacteria "aild single protein molecules

14.
with multiple chroniopli ores inl liquid nilclia by using novel optical traps and1( 1)yd rod ylantil c

Focusing techniques, respectively. Inl tile solid state, tile detection of tile fluorescenice signal

from as few% as fiveC Sm12 1 ions in a Ca I, crystal at 77K at a Singlefxdfeunyhsbe

repote~l. On adantage of perforing tiltraseilsitive optical experimenlts in a solid Is thle

fact that thle absorbing cenlters areceffectively, trap-ped by tile host matrix and, theref'ore,

inilerently Sho0w "Statie" behavior withlout anly D~oppler or recoil effccts, althloughl tile cenlters

(d0 interact with hiiost p1hon ons. "'he optical spectroscopv of' a iil imilpurity loitl or mlolecuile

ill a low-tcerpera ture s;olild could, ftirtheriore, pro side a new tool For thle stutdy of- local

gesct-lost iliteraictiotls svithlit the coil veltioil I averacimle over as ianiv as, 10) to it)

more- or less-eql ivalet it (2t. Hiowvever, (letect ion of, 611igie sohr ill a solid presents

problems not pres-ent inl tile case of, Single il 5 ill vacti tiil. 1"or fltuorescence cX pern tilt it

is d1;..-ult to detect thle Signal fr'oml a Single abs;orber Ill the Ra1yleigl ald 'or Raill

ll(III, j! 't tihc large iuinber ( [01 - 0" (-(' 1Cf lou iiimceeie or ioils itl tile piooitig



volumne. In order to circumvent the problem of Rayleigh or R aman scattcrin, we used two

high-sensitivit -background Forms of absorption speciroscopy. laser Crequency Stark

(V I Stark) and laser frequency ultrasonic (MIA S) d(uhcle modulation, which are described

in the next section. Furthermore, since the sample must le kept at low temperatures in a

cryotat, the problem of mechanical vibrations and or low motion due to thermal expansion

or contraction must he solved.

One crucial issue For single-molecule spectroscopy in solids is the method of selection of

a single absorhing center Successive dilution of the doped host niatcrial is one method of

achieving low concentrations: however, we chose to use the inhomogeneous line broadening

effect directly as shown in I igure 1. The left side of the figure shows an inhomngencous line

composed of many discrete homogeneous (usually Lorentzian) absorption profiles; the overall

shape of the inhomogeneous line is (aussian in many cases. At a laser wavelength near the

center of the inhomogeneous line, many molecules are in resonance with the laser, and the

absorption profile shows the characteristic SIM reported earlier . I owever, far out in the

wings of the line, fewer and fewer centers are in resonance with the laser. It is clear that

for a wavelength sufficiently Far from the line center, the number of molecules in resonance

within the focal volume can he reduced to one, or even less than one. This is the method

whereby we reduced the concentration of molecules in resonance to unity. The method has

the advantage that by tuning the laser to the center of the line, strong SFS signals are

available For optimiiation of the detection conditions. Then 1y tuning to the wings of the

line, single molecule spectra can he obtained, and by tunine out even further, a background

level that should be similar to an undoped sample may he recorded.

In the Following, we present xpericmental data describing the optial detection and

spectrosn:py oF individual pen tacene molecules in a p-terphenyl single crystal at I.5K. lFirst

results of this work were pubdlished recenty Section I1 describes the experimental details.
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Section ill tle theorv of' the liniesha e and the expected ,inlfle-, h'1ocile Signal 17iC. and

Section IV presents the rc I i s :and di scussion of our illeaurernentq.

!I. Experimental

I. Frc'quw' ,,!odttlatIti'I ' Iu'cfscolpi,

he basic pectroscopic technique that we used Ibr tile (ietection of S [S and

singlc-molcculc signals .- Freqtuncy-modulation (HAI) spectroscopv (I:vS) a low-backgPround

method that was first described severai \,cars ago . The method operates by .ensing the

conversion of a freq uencv- nodulatcd light heam into an amplitide-umoduated beall by a

narrow spectral feature. The basic operation ol the technique is illustrated schematically ill

ligure 2. First. a single-rfreq uecy (tunable) laser beam is passed tirotugil an optical phase

modulator (an electrooptic crystal such as li'a() which is f-ed by a radio frequency (rf'

source. A key advantage of FMS is that tle modulating fiequency (, Is ill tile \ Il/l

frequency range or higher so that the laser noise at (wm consists in most cases of onl

quantum slot noise. In the limit of low rf power and, ience, low modulation index. onl'

two sidebands around tile laser carrier frequencv (,), located at wi-±(+ ,i are appreciable in

amplitude. ()ne of these sidebands oscillates in pliase with tile central (carrier) line. tile other

out of phase by 180 ° . When no sample is present to disturb tile equality of tile two

sidebands, the beat signals at o, due to tile carrier tmixing with each of tile sidebands at the

detector cancel, giving no signal at i,. A his is sitllply a lrcq uency-donlain statelent ofthe

FCact that an ideal phlase-n10dulated beam 0r1 1s no amplitude Illodlila t inl. ile sit uat ion

changes, however, wiell tile light passes thrli gi a sample cfntaii,i i;arrrl abso0rption

Fcatures. A lolntg as tile pectral feature is, n(t much wider than tile sidebaild spacing, tile

two silehan(ks are attentited by (fifireit ;mounts, and, ais a restiIt, a photoctirrent appears

at Cin at tile ('st phintodetector. l1u5, another virtue of IM spectroscolpv lies in its

enSivitv 0111 to ilarroY ;bSmrbiing Icatutcs and tile rejection of broad ,itt lals. For exa implc.



I A S IS 0apal 'o deteCtlILi thle 1na rOW S I S 'si rl~tic on i 11 111oliik'eicotis Illie. but Is

nseC~li tive to tilie broad I ill oniiog-erious backg~roun rd a bsorption 'I"le niodula ted

phot ocurrenit at (),, Is phase- sen riqlvelv detcted isinlu ;i rf' mot er. I it icr tile ~ril

absorption or (Iispersion ii,;Iv be probed I,\ roper choice of' phase.q

liere Is. however, a seriouis prac:tical Ilimitatiton to (il ' C Stj " ( reat I I epiclntlt

11na~ -Clxreidual a nipj-lit rIde miodu ila tionr ( RA NI) n I lie miodurla tor crvst al or in ot her optical1

comnpolnents wil cl causes, at heq ueric%-dcpriderit i'rib t~ ie ile tkksidban

A IIIpI It IIdeS hits plieroriien on. wh Ic is niot %et und~erstoo 001 inRill detail -es rIsc to

spurious r-F signial II inle photodet ector t ha t i riterfere with Miaid canI bury- weak a bsorptiori

signials From I sample.

ri.iobr of methodis hiave beenci (leviseh to o vercomie tilie R.\NI problem, Some

arprachecs use external teehliiq ucs, such as special polartia at tollricrris :9or optrcal mill ig

of RAM Iin a double- beam confl;gura tion whereas anrot her aqpproachi is based onl a1r

additional initernal1 modula.11tion of the absorption lines uinder cons ideration. hentce thle name.c

double modulation. An Ticariple of the latter principle is hie ph o0tocleical1C1 moduClihon of-

the Schuiler absorption bands of' III i oll cnunction with INIS '.Verv recnt lv, anI iternal

Stark effect modrula tion of' tile a bsorpt ion lilries waIs Used in ; in NI experirerit to detect

ranosient hocles, and SUfS inI tilie R m, tranusitlion hai(1 of ('I-" ions in a lea rdrite 5. In our

sirrgle-rnolecile detection (SMND1) experintt, we also wuisel t her of' two internal secondary

modulation techin iquies For suippressing RANM. The first rod hocd (I['M Stark) inrivokes a St ark

effect modila lion s rlla ~r toc that (lescribeh InI Ref". 5. whica 5~l tilie second one HI ',I I S) uses

uiltrasouind of differenit polaniiationis arnd freqc~uecies to perionhically sift the abhsorptiloll linies

iII the sampile. !rvorlultrasonic mondulatilonl (without I %IS) was aipplied to tile senlsitiv

)22.21
dectect on of shallow pecrsist cit sp)ctra i holes
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Because ()V thle diflicultvN of' s irgle-111lecule detectiOn. the expecrimnrtal Apparatus will be

(tescribec thoroughly. Yhe optical sct-uip and the commnir electronic comtponents or our

Apparatuis ire shown hii Iieurc 3. [le raimtion from ;ii actively stahiicd. tuniable

s inele-mnoe cw dye laser D)! ((olierent , 21) wilh An elleCctive linewidth of ;ibout 2-1 Mlii

was first passed through ani ampliude gtabiliier AS (( a idile Research I S-1( For

reduction of, bow-hecquericy power fluctuations. Ihis was necessary beccause Aictual silnals

And o)r RANM shit the low-fIejucricv laser fluctuations upl- to even thih in the abseceIC

of any Ainal or RAM the background in IMS in nicar the shot-noise imnit. Next. tile beam

was focussed througoh ihe elctra-optic pha~se miodula~tor 11) ( rYstal Vech iiol ogy Miodel 61 (H~I.

containing three I lTao crvstals Ihc radio Frequency used to drive the phase modulaor

wAS generated by a precision if oscillator R LI (Marconi Instrurmns 2019A ) whlose output

,v.as split by a two-way, Wr power splitter PS. Oine mit put port of thle splitter was connected

to the phase modulator through anI rf pitase sli er (J and a tunable rf power amiplifiler A

HI lewlett- Packard 23011). whthiIle oilier port providled thle local-oscillator si goal IC)I fOr the

mixer in t he first dernodu ati oa step (see below. Ile rf Frequnencies used raniged bet ween

5and 100 Mil/. and the FN! modulation index Ivan adjusted to approxm1ately (1.5.

F rom the phase mnolulaitor. the laiser lip-lt was bounced ofF a con focal l-abr'- Perot eta Ion

1III (Uropel 240 with 1.5 (HO F S R T hie narrow absorption hi ngcs (if his ci alon provided

a strong Of sigial which wais used for optinizing the Alignment of the phontodetector P1

And for mneasuingr the dletectiomi snstvity of the apparatus. liru tWe Ncatiml SNIT)

measrmnents. thie resoinainces of' the etaloni were placed outside the 171.5 or I GI Qi !id lase

scn range. andi the etalon simply acted as a Bumro AN lhrenel rhioii piilariiatioii rotaItor

Pit after the etalon provided the possibility of' rotatinig the polariiatin axis or the linealy

polariied light inl Any (direction for mlatching thle tin isitiOii-dipOlc axis of' tile :ligiied dye

iiolecils in thme simple. A~t this point, a licamun splitter "S~ ,plit off aI ref'erciuce licai wlt



waS necessary For correct adj mtnient o the rf phase (See below). lhe sample beam entered

the crvostat and was Recused OntO the samlple S, Which was kept at 1.5K in superfluid heliun.

In the early stagwe of the SM I) experinClts, We used a hi gh-q ualitV achroTiatic (oublet

lens with 75 rilm fbcal length locItcd outside tihe crvoFtat for Focussing. I lowever, with this

method we observed siiile-inolecUIle signals which c hanged on the tinie Scale oF a hCw mr uintes

and thereforc exhibited poor reproducibility. We believe that the sample holder mounted at

tle lower end o(f a stainless-steel rod inside the rvostat was stibject to slow creeping iotion

resulting from thermal expansion as the level of' the S'ti-erfluid helium in the saniple chaniber

went down. iheref'ore, a single molecule originally in F(cus in the micron-sired focal volume

wandered out of the laser Focus within a few minutes. We solved this problem by replacing

the focussin achroniat lens with a small 0.47 iumerical apertTre (NA) three-elenent lens

oF 4.2 ni Focal length (Olympus AV.4647-3) (esigned IFor application in optical storage

devices, which was mounted on the sample holder inside tile superfluid helium. In this case.

thernial motion caused the Focussing lens to move together with the saiple. so that the

motion of' the focal spot relative to the sample was only of second ord,'r. Using this

configuration it was possible to observe a single molecule for more than an hour. Since the

focal length of the lens slightly changed between room temperature and I.5K, we Found it

Favorable to have the possibility of adjusting the distance between lens and sample inside the

crvnstat. Ve achieved this by mounting the lens on a strip oF thin stainless-steel slim stock.

one end of which was rigidly connected to the sample holder, while the other Free end carried

a small (oSmN magnet. A small coil was niounted on the sample holder adjacent to tile

magnet. lv adjusting tie current through the coil it was possile to move the lens over a

distance of roughly 2 mmll ir the superfluid lihitn. The light trannmiitted through the sample

a.S foctucd onto a F st Si avalanche photodiode (RC"A ('309501' with integral preamplifier).

'lie light beam reflected ofF the first beam splitter was used to generate a reFerence 1:NI

;ignal with the same rf' phase as that of' pcctral Features in the sanple. lhe rcference beaii



\\aI I,( ulicec off, ;itatlir carIlact;Il I I iaI% -1Iot otaIlmoIn' R P 'Arlie tttde ,Ic I P1 i. :Ind the

oiutp-ollt4 1be;rIII \%:I,; kItre(_d to aI ' ecold identicall ixiitIti 'lttitokitcctoil IM P. 1-,%' liaeans

of r a econid bCaml liltftr. ("I %Vrc w A C Tak to IalIttl e lieu ~t pathsl IFront thle ffit beamll

splItter to the iitple aid to I PIR ;II well ;I,; h-orn eithecr of thiew pointts to thle respectIive

pitordetejors to w I a l~l sini!Ibntorlilol thle I ite l 'I dditlonl, tile dtctilonl

ccttrttt ;oemd thle I'lltat4M~ieotr. w khich is; decrIbe ld inl thle kfilo\Vitt pit eript.wa

nt~ile s det 1l i possilHe op1 to tile 'Irst-steli'2CTIIAet5.IT ll tin waT b. I bev the l-

s trnne I \11 Iiea;ii frlont thle resownc f'I'itee )I, P1 R. it w;1, poss'ible to C i"Il t1':IIUzt the

desilred phase ('f t11c if nseCd ffrl fc il e I'() Ittadnlkitrt f il, wa~ll CInc1Inj fo(r TcreeeT)i/ttte

!id i!TTierpCiIL etil te ]Tite sdliipe of thle s itteic Tiloilec IiLIlk (,;Cc 1beiaw. \f'teri-itstu

of The rF phase. C tile Iiehdt Ivih to I P'l was, blocked betweeni the twit bonmn sp'litters itt order

to rine OUT arlt; 111le inTIic ('( tile ioac(k-rcflectitII (rain ti m il oil the Ihiht in thle

sI 1111le pn th. ill bath1 pathsl, thle Ililht 11intnsit\ COUld he ;udl Iited InldepQtidetitfk Meisn

totlbii~ititisof li~d miud varialei tiettral (ittstv ateltitittr \.A.

Ilie dctcton electroics, ksed Ill thle [AM Stark anTd [I I 'S CXp)Crimrit is depicted Inl

1-1ts. -111a and -01. 'j)ctxie to the flltst s Tae ixer \11 I, tile set-Ilp- w Is 1identical

in) bath" Iie lie ier Tmk hamT1 thle two pha11tadOtCOTr wereC first Ikd titroneit -20,dI1

dirctional cairpier DC(. I lie -20h113-port of' tile coupler itt thle Iamlath waIS conneIcd

to an rf rcctilina ;1mlver sA (III' ',500tA) Hr diannmostic;. wxhercts 'in thie reference path thle

-2tt)dBJrprt was Terminated inl a1 .Th2 load F. I lie spectruim mmliwer aillowed obserr\:ation of-

tile titertntdiilation qiltim lt uits ad diF[ercestlc bet xx een tile 11i ttiolilatittu FIeThiIcxc andI

the wecandar'; internaliuhtin efieie I lis s Iotial thawe. d aptiiiiimaItiai of the posi1tionl

"F tue focusl, of t he stalul heis inl t le cix ostatI ic see k Iex \(lt tile dirctotl coipt the

stals isse titoitel i \I1 I/iheips fltersll 1111 to supeslo.-freitiencv tILI.isq that1

titizlir airisc (rnm wxrihl *iiiphi tde aItittix 4) the hieitl ITinle s;itipic duie to thle Iecolaixl

iitttdtillitiiitt. Sieht penolR dlitics Ill thu itii tIMIItiistIstait (ititd arise (loll)

c~ciitstimito lm sa Iii' 11w t (,f Slt;,k iioiiiistiott itid FrontI ( OiitiCssoii aidtaecio



in) thle Case (IF thle I '.,xperCiment. I hie H~lrltcd giL'ig~ were lid iNo the rf ports of mtched

(Ioii~-1,alamctd mtixers \1 I ( \Iini-( rcuity ZiF -2) which periorrned the first-qtae

demodulation (wkith respect to thle [Al). I'lie loc2-oqcirllator signtal 1,01 for these mixers was

provide] i1 thle Nlsircori 20P1Q\ generator (gee abo~c) arnd split ino equal parts by a

two -wav 0' power splitr PS. T he iOternnedimAt-Fcq uec port oft hc mixer in the l-cfirence

p Ith wa s cInnel c ted to a c I sto I I-h tIi It, low-noise post-mI ixer- preamnplifier P'M PA. ii, and the

,Imphheifid ['\I signal oF the resonance frince fronm etalon [P1 R was ohserved onl an

kUOscilsope U ) ii signal was uised to adjust thle rF phase. i hie further processing of' the

oar pat ol the mixer in) the sample pathl was different For thle FM 'IStark and thle I 7\! [S

methlod.

Im thle F \1 Stark scheme, the sample "an mntutc bet weent two sapphire plates coated

with transparent bin contducting, indium-tin-oxide (111)) coarting~s on thei inner surfaces. A

clistonti-hbuilt A, I IV power supply provided hi polar osci Ihitinrg Stark volt ages oF up to I 600V

p-k-pk at frequencies betweeni 2 kltz annd 5 ki Iz. 'Ale used two different waveforms Aor this

voltage, name ly either a sinusoid or a bipolar square wave (see fig. 4a). Since peniacene in

a p-terplienvl ]lost crystal exhibits a. quadra tic Stark cffict 2.tile secortd-step demodulation

K thle si gnal (Iwth respect to the Stark field) was pertormed withi a lock- in amplifer [JA

N tlico 393A )at twice the modultinlg Rquencv. Theref-ore, the output of the mixer M I in

the garniple pat i was Hirt armp l~ed ising anot er It o-u iit post-nmixer prearmph Fer (PM P;\

02) arid Fed into thre lock-in. The demodtiatedi signal was finally stored in a (figital

o)scilloscop-e (a D~ata Prccision 6100 wavelorm ainalv/er withIi a 1M0 k~li 14 bit dietizng

pluumir Piamllcf to M~e deritdultiort in thre lock-itt. thre output o)f' lP\IP\ -2wa

lb;idp~s-lIltcrcd (011-10) hI/ and Fed into art) oscilloscope (). Ill this way it was possile1

to (,ber\e the strori SFS it tle certir of the irrlinoneiis lrne il ii ipl I NI without

secoiilhdirv 11rrlr(111lint.
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In thle F%11i I S exp-eriment, thle sample was bonlded to a P/T or quart/ trminsdiicer for

applica tion of' either longitudinal or shear waves: the eiecnfrequencies of' thle transducer.s

ra nged between 2 NMh / and 5 NI\I11/. TFhe transducers, were drivetn bY thle output of a

,o-nthewied rf* ucnrator R 'A(I Iewfett-Packard 1325A\) (-,cc i g. 4(hbY). In tis case, fihe

a hsorption line, were silted I inearl v with thle applied stress field, and the second-step

demodola U on had to he performed at thle moduilatin g frequtency withi anothecr rf- mi ser.

I'lirel ore. the output or thle first-tta cc mixer Mi I was lilt by aI resistive power ;slitter RPS,

onec of wh ow out put signals, was narrow-band amplified a round the I'S fr-cquiency by a chainl

of' hanldpa ss filters BIT arid anl rf signal alte*-tr A\ ( Vrontech WS K ). In the case depicted

inl -10.))h an ufltrasIonic kreqoency of' 2 MNI I/ w;ts u1tiliied. The amplified signal was red Into

thle rf port o10f th scond-stage mixer %I12 (M1Iii-Uircuits /iNt -3). v.hose local-oscillator signal

was provided ry; iwod rf generator RFI2 which was pliasc-locked to RIV2A. Thec output

of N%12 was a mplified hw P \ IPA i~.ha ndpa ss- filtered 801 st ore l i tile digital oscilloscope

I)(). Ihfe second output signal of' thle resistive power splitter was directly amiplifted bv PM PA

'd, baridpass--filtcred and( fed Into anl oscilloscope 0) For the observation of strong SFS signals

in) simple F%11.

Fr rcording S S NIDI) tile laser wsscannled continuously over afICIllcItra

between1 0.5 all1(1 (7C117 Inl Width, and the scans were averaged Ii the dligital wa veorinl

ana Iver DO. One final trace was obltaied 11w averaging usuially 1 28 or 512 szingle s cans.

Ini most of' the experiments the laser scan rate was adjusted to the Fastest possible value of'

0.25 r scali ri 'lluis the finll.. dtct~II ion brdwid th was cotrtolled by tilie final batndpa ss filter

or thle locV-Ii, fliodlifi>. '.v !he number of averages.

C. Stample (har'aclevu v

'file low-rtempenra r lctironic a hsorpt ion qpect riini of pent acetic Ii p- tcrph'eny I is known

to consist of f'our inlinnogencouls S I S > 1sf;Ite Origins of' almlost edloal width and

IlitelisiY. corr(poIi'lIng to pentaccne suhstlitnon of' each of* tine four ncqniiv;ilenti



p-tcrphenyl molecules inI tile low- t enperat tire unit cell ( ;Cncrailiv. Olc~x inhornogeneoti s

absorption line-, are recferred to as () to 0~in the order of inraigtransition energy.

The two long est-wavelength O'Igins 01 and 0, are centered around 592.32 rnm and 592.18

Tim, respectively, whcro-as the transition wavelengthis of 0, and 0, are a11ou.t 4 inn shorter.

Since the jnhomngeo ns wQ hs1 of all four bands are -7-40 (;l1/ (0.05 rim), 01 and 0, have

aSlight overla p hut aire well Separa ;[L,! "'-On) thle next 01-PIl0 . I or tis reason,

single-molecule spectra could only he reeord-d at the lon1g-wa velengthi edge of Ol and at thle

short-wavelengpth edge of' 02 buhit not in between them. No attempt at SM i) was made 11n 0,

andI 0, , since these two lines showed only weak and broad S[S features in a previous

study 4,Probably duie to higher I SC rates and longer tripletlices

Sublimed pen' 'cic and] 7one-rehnecd p-terphenyl were uqed for sample prepa ration. [irst,

hie (1opa nt and thle host were mixed and pre-mnelted to achieve good dispersion of the dopanlt

'Single crystals were grown From the doped mixtures using the Bridgman technique. The

actual samples we-re cleaved From the Bridgman boule and had thicknesses of' 100-200 11m.

F or single-molecule detection, the dye concentration was chosen bet-ween 2 x 10 and

I x 1(0 ' mole/mole. in order to compare the litie shapes ob-tained in SM I) to those of similar

but stronger signals,, we also burned persistent spectral holes and detectedl them both in

si nie FM N and in VAI'Stark double modulation. Since the hole-burning efliciency is

evtr-mrcklo w in this systemn I, we used samples of hipgher concentrations (typically

2.5 x 10 ' mole. mole) for the hole-burnling studie.

111. Theory

A1. Lime Shapec of Sinle-A~h~hcue Sgiia in Double Mlodultion

In ti i section, we present a simnple t heory for)t thle dectecd shape of' a I-o rent/in

;ihsorption line in our dloiihl-rilillat ionl experiment. I i ca1llatilonl Is aIpplicable to



singie-Iloleculle linies aLs well als to spectral holes. as long w;5 the mioduilation Indcx is less thanl

ity. In or,!cr to generate explicit expressions. we spcihicallv, consider the Case of' [ll 'I S

double modulation with a linear dependence of the nilcula r line Shtift on the ultrasonic field.

ie extension of' thle calculation to the cases of linear or quadkratic Stark effect modulation

I- St raigihtf orwa rd, and thle result anmt line shin pes are Identical in all these cases, as long as the

nefi shift Is less t ha'n th homniogeneouis wvidth.

WVe begin with t hc detect or phiot ocurrent. in a Simple I NI experimntt AcoiWing to

well-knIownI FI theory .thle (letecor Phlot octi-rret I,~ is given by

(Y I e I + G5_ - 5 4-)N% COS "Mt -1 Lb'112)l i (')"It] 3

n this equation. IFK. and NM are thle electric field st rengt hi ad hie I NI modula tion Index.

:,IS the modulation frequency. andl (5, , . 5 ,. are the electric field absorption

(dispersion) Signals of thle sample at thle Frequencies of' thle carrier and the lower and( upper

sidleband, Ict~cv Fq nat ion (1) is valid in the limilt of' smnall modulation Index and Small

(liffecrences in the absorption and dispersion values at the three Frequencies: NI. 15,~ - (5 1

I - )I .I o,- ',I . 10I), .- /)I < < 1. The effecct of thle first-stage mixer Is to multiply 1,

bv the local oscillator 1.01 wich oscillates as cosfmtt -1- 07), where 07 is the rf phase dif"ferecec

between 1,1 and the local oscillator at thle position of the tmer. By proper low-pass filtering.-

we need consider only thle "basehand" sianal at thle IFl port of the mixer, given bN

1, 2 >S"

l%1 proper choice of' 0 It is possible to pick cit her thle pI~m absorption 0)~ 7 i or thle

pure dispersion ("S.,"-, () - 7T12) sigunal of' thle sample

In thle following we~ calculate lie donible-mnodu~lat ion line shanpe for a I oremit/1han

absorption line with highpt hi~'fll-width at linlfuniaximn (1[WI INI 2F, and center

hi eq i icv To, whlich [ins ftc hid lowing fiurni:
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"~max~~ I~ 7i)(5a)
,s( sr ,,,ax It( (, 3) ,1  - ) (Sa)

with the normali/ed Lorentzian defined by

w, - i) =(F)[(,, - 2+.- (6)

We assume that the secondary US modulation causes a sinusoidal oscillation of the center

frequency Fi at Frequency oA" Then, for instance, the absorption signal at the lower FM

sideband is given by

= S, 1.-lu 0,, - " - FT(i -- in cos ('.Nt)1 (7)

with wc being the frequency of the (light) carrier. We restrict ourselves to the case that the

amplitude m of the oscillation is small compared to the linewidth and, hence, we perform a

Taylor expansion of Eq. (7) up to first order in m,

,5_(t) - m _ , F m cosU)~t)l ,(",c - - ), (--) r

where the prime denotes the derivative of the l.orent7ian with respect to its argument and

5'-= (5 (in 0). A similar expansion can be (lone for the upper sideband absorption signal

and for all three dispersion terms. In the pure S, phase (0 - 0), thrp cignal at the I port

of the first mixer oscillating at .,A is then given by

I 1 (0 = 0) 1 MIle{ 'N (5() - (( ,m° ,(- 7F-T cos(ht)
(2)

F 1 ''i(,,,c - ,, - ) 1+''r,,, 4-,,, - ,-i) ] }
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In the second-stage mixer, this function Is multiplied by the (:S local oscillator,

cos(\-, ,t 4- i). Picking again only the slowly varying "ba.eband" term leads to the following

form of the double-modulation signal in the absorption (S,) phase:

- 0 ) -1 - m , 2 A -2 ,ett c  + -w in - F0

(10)
-- m -F0

P ("' - din - T ) 2  + r
2 ] 2

In order to obtain maximum sign I amplitude, the phase / of' the local oscillator at the

second-stage mixer must be properly adjusted, however, in contrast to the situation at the

first-stage mixer, a detuning of ,i from the optimal value only causes a decrease in signal (or

a sign change) and does not give rise to a change of the line shape.

In an analogous way to the absorption, the dispersion or S2 signal at the output of the

second mixer can be calculated. We start out by pickling 0 --- in Eq. (4) and inserting

approximations for the time-dependent 4) values similar to lEq. (8). The "baseband" signal

at the output of the second mixer becomes

1 0 =_L 2 .. Co 2[((,c - F)2 _- 2]
12(0 - -2 mM : ,3,axF ie-'"n cos ( - - F +-.2 .2 (III

(c -2 -2 (+ Wt - . M - F O

- r22 ,,, -,a) +r2]12
(w w~ni - F0 22 2~ rd 2 -2]2

Plots of Eqs. (10) anld (II) for two different linewidths F as well as the corresponding signal

shapes in simp!e FM, for comparison, are shown in Fig. 5. The characteristic features of the

double modulation signal in S, phase [I q. (1t), i lgs. 5(c), 5(d)] are a large positive and a

large negative slope, centered around the real position 7 of the absorption line and separated

by twice the IFM modulating frequiency 0r,,. This "W"-like shape may change into ain "NI",.

if either of the phases 0 or i// is shifted by r. The dispersion signal [kq. (I I). Figs. 5(g).



5(h)]. on the other hand, is characteri/cd by a large positive peak at Fh and two smaller

negative peaks (of half the amplitude of the central peak) at -i + (o, Again, the overall sign

of this line shape may change, depending on 0 and ,//. The amplitude of the dispersion signal

is bigger than the absorption signal, the quotient between the maximum values being

12. jax 7r - 16
-(0 6 3.1 (12)

Nevertheless, we found it more favorable to choose the S, phase in our SM!D experiments,

since the "'" (or "NM") line shape is simpler and easier to recognize, especially in a

background of other out-of-focus weak single-moleculu signals (see below).

B. Estimated ,4mplitude of Single- lolecule Signals

(inerally, the (power) absorbancc of a center with peak cross section a In a light beam

of area A is given by

(Ao)L l= ,/A. (13)

Therefore, the detection of single molecules should be easiest for molecules with strong

absorption lines (large a) and a tightly focussed laser beam (small A). For pentacene in

p-terphenyl the transition dipole moment of the purely electronic I S, > ,- IS > transition in
27

the 01 site was measured to be 0.711) , and the I.8K linewidth (FWIIM) of the 0, and

(2 sites was determined to be 7.8 Nillz and 7.3 MIl,, rcspectively T. his results in values

for the peak absorption cross section (T of 9.3 x 10 12 cm2 and 0.9 X 10 12 cm 2, using a

standard formula given by I lilborn I29From measurements of the light power transmitted

through small pinholes, the focal waist diameter of our laser beam was estimated to be

roughly 3 pm. Using this value and ,7-=-9.3 x 10 12 cm 2 for the 01 site, we obtain a

theoretical signal amplitude of (Ao)l. = 1.3 x 10 '
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In this calculation, it was assumed tha t there is no powcr broadening of the molecular

absorption line. In ! tightly focussed laser spot, on the other hand. it is relatively easy to

achieve the conditions of power lro-,,dening, especially in optical three-level systems which

have a long-lived bottleneck such as the lowest triplet state I l > in between I S, > and

S, According to Ref, 30, the light-power-dependent linewidth of an optical three-level

system is given 1v

Fv- -7 1 4 K 12F (14)

I~~ ~ ~ -,a 1K t

where -" 2 is thc phase relaxation time and K2 =(2 + ,\)/2l,2K2 In the latter expression. .

denotes the (light-dependent) Rabi frequency, A = k2 /k 1 is the quotient between the

transition rates into and out of the bottleneck state, and K2 = kj -+ k13 is the total decay rate

of the excited singlet state I SI > (which is equ, al to the inverse fluorescence lifetime). The

critical light intensity I., at which power broadening begins can be calculated by setting

K2-12
- I . This leads to the expression:

I a,.3l s; = roc_ 2  K 2  (15)1112(2 4- A)T'2

lor pentacene in p-terphenvl. we insert the values 29,31 K2  4.26 x I01 s

/12(2 + A) = 4.3 x 10 (.2 M 2, Ti2 = 41 ns, and we obtain the saturation intensity

I ,I s = 71 mW/cm 2.

If the hottleneck state is not taken into account, the saturation intensitv for a two-level
3In

svqtem reads

',.it,21iS = IflCflh 2 1I (1)
2/ 121 1 2

This formula is ohtained from lF1 . (15) by replacing K, by the inverse fluorescence lifetime

T, and setting A 0 . In the case of pentacene at 1.5 K the value is l1,,.,,s- 1.1 \V/cm2 .
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In order to obtain an acceptable signal-to-noise ratio, we perfbrmed most of our

measurements with a light power of 0.3 11W. At this value, the total intensity in the 3 jim

diameter focal spot is 4.2 W/cm 2 (i.e., 0.85 W/cm 2 in one sideband). Since the absorption
32

cross section decreases in the case of saturation as

(,(1) = ( I + l/T (17)

we would expect -i peak 7 value of only 7.2 x 10 13 cm 2 if the molecule behaved as a usual

three-level system. An absorption line this weak is hardly observable even with our

ultrasensitive apparatus. Our experimental single-molecule spectra, on the other hand.

correspond to a values on the order of 4.9 x 10 12 cm 2 (see Section IV), which is closer to

the theoretical value if the (higher) two-level saturation intensity is inserted in Fq. (17).

Although the absolute measurement of absorption strength is very difficult, this comparison

provides evidence for the possibility that the singlet-triplet transition rates of molecules in

highly strained sites (which absorb far out in the wings of the absorption line) are different

from those in equilibrium sites near the center of the inhomogeneous line.

In the above calculation we used quantities such as the phase relaxation time and the

transition rates between the energy levels, which are usually defined (and measured) for an

ensemile of many molecules. Therefore, the question arises whether or not these quantities

are meaningful in the case of one single absorber in resonance. A crucial feature of our

experimental conditions is that we (1o not probe single quantum jumps in the molecule but

perform the experiment under conditions where many transitions between its energy levels

occur during the observation time. Therefore, time-averaged measurements on a single

absorber arc meaningful and (by the ergodic theorem) vould be expected to provide the same

information as an ensemblc of many molecules inI essentially identical surroundings.
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IV. RESULTS AND DISCUSSION

A. FA11Stark / easureinents

Persistent Spectral Holes

In order to compare tie theoretical line shapes of an l:Nlidouble modulation experiment

to real experimental waveforms provided by a strong Lorent/ian spectral feature in the

,ample, we performed measurements ol persistent holes burnt near the center of the 01 band

of a mote heavily doped (2.5 x 10 , mole/mole) pentacenei,'-terphenyl mixed crystal. Such

studies also verified that our external electric field strength values were sufficient to shift the

absorption lines by a noticeable fraction of the homogeneous linewidth. The

pentacene/p-terphenyl system exhibits persistent spectral hole-btrning although the efficiency

is extremely low ' The mechanism is not yet 'ully understood, but since the holes are

observed to decay on a time scale of several minutes, we sggest that the mechanism involves

a flip of the central phenyti ring of a nearby /,-terphenvl molecule from its normally cocked

position to another metastable orientation. In effect, certain pentacene molecules may be

coupled to a nearby two-level system. For the hole-burning experiments, we took the small

optical storage lens out of the cryostat and adjusted the diameter of the laser beam hitting
S A

the sample to !- I mm in order to reduce the SFS signal and obtain a smoother baseline .

Figure 6 shows four traces of a hole in simple F spectroscopy (SI phase), which was

burnt near the center of the 0, line at 592.328 nm. To burn the hole. we irradiated with

a light power of 30 /tW for 10 minutes with no phase modlilation of the laser light and no

electric field applied to the sample. For recording the spectra, the light power was reduced

to 3 ttW, and 64 scans were averaged. Trace (a) shows the hole immediately after burning

with no voltage applied. The signal clearly shows the typical S, FM line shape of a

I.orent7ian spectral feature 24. The linewidth, however, is much larger than twice the

homogeneous linewidth of 15.6 Mllz although the light intensity in the defocused laser spot



was only about I mNV cm during burning which is well below the saturation limit (see

Section III). The rcason mar be due to the nonphotochemical nature of the hole-burning

mechanism or perhaps a slight heating of the sample due to the high total light energy

required.

The traces (hb), (c). and (d) in F.ig. 6 show subsequent scans over the same hole with dc

fields of 2S kV cm, 45 kV;cm. and 0 kV/cm, respectively, applied. Trace (d) was taken at

the end of' this series. lhe comparison between (a) and (d) shows that there is a substantial

decrease in hole area within a few minutes, corresponding to a back-reaction of the

photoproduct. In traces (b) and (c) which were recorded with electric dc fields applied, the

hole is slightly shifted to lower frequencies and. moreover, it is substantially broadened. Both

the red shift and the broadening are reversible and (disappear when the field is turned off (see

trace (d)). lor pentacene in p-terphenyl, the Stark shifts were measured previously and

red-shift values of 1.40 x 10 6 cm 1, 4.38 x 10 6 cm- 1, and 5.33 x 10 ' cm--' were reported for

an electric field strength of I kVicm applied along the crystallographic a, b. and c axis,

respectivel-,'. At a field strength of 45 kV/cm, this would correspond to a shift between 85

Nillz and 320 MIi, depending on the crystal orientation. The actual shift measured, on the

other hand, is only 100 Nl1117. Thus, it. seems that the field strength experienced by the

dye molecules is somewhat smaller than expected, probably due to screening effects caused

by space or surface charges in the sample . Also the distinct broadening of the hole

indicates the presence of charge carriers giving rise to difTerent amounts of screening of the

F field at the locations of different molecules. In spite of this problem, the data in F-ig. 6

indicate that field strengths of'a few tens of k V/cm are suflicient to shirt the pentacene

absorption lines by a sizca ble amount and, therefore, that he l"M/Stark double modulation

approach should be suitable to detect single-molecule spectra.

F~igure 7 shows spectra of persistent holes taken in simple IN and I:N/Stark double

modulatiorn under various conditions. Because of the rapid decay of the hole area. tile data



were taken on dilltrent holes which were all burnt near the centcr oF the () hand under the

same conditions as the hole shown in Fig. 6. [he light power used For probing the hole

spectra was 3 p XV in all cases. Since diffirent periods of time elapsed between burning and

scanning the holes, their absolute amplitudes are not comparable. which, however, does not

affect the line shapes of' the spectra in any way.

Trace (;I) inI [ig. 7 shows a hole in simple I'M detection with no electric field applied to

the sample. This spectrumn was takeni under the samc conditions as in F-ig. (,( )and has been

added here For comparison. The four lower traces in lig. 7 show hole spectra recorded in

lM 'Stark double m~oldulation. In each case a bipolar sinusoidal 1: fIeld at 5 kliz with peak

value 2S kV'cm was applied to the sample, and lock-in detection at twice the modulating

rrequencv (10 kll/) was perobrmed (see Fig. 1(a)) with a time constant of 1.2.5 is. In traces

bh) and (c) the phase oF the rF local oscillator was adiusted to give the pure S, component

oF the signal, whereas in traces (d) and (c) the pure S2 phase was selected. The value of

was 75 MIliz in the case of (b) and (d) and Q0 MIIz in (c) and (e), respectively.

The comparison oF these four double-modulation spectra of persistent holes with tile

corresponding theoretical line shapes (Fig. 5(c) and (g) For a broader Lorcntzian) shows that

the theory properly describes the salient Features both in the S, and the S. phase (apart from

a trivial sign reversal in S2). In S,, the experimental spectra are characterized by a large

negative slope and a large positive slope separated by exactly twice the rF modulating

frequency. A change of the rf frequency causes this "W" shape to expand (or contract)

accordingly. A slight asvmntetrv oF the experinental hole signal. which especiallv appears

in trace 7(b) mayV be ([iue to a small (et ing oF the rF phase Ftromexactlh S aI o the

underlying SFS signal may give rise to a llarginal distortion. In the S, phase. the basic

Featurcs arc a strong negative peak which is bracketed by two positive peaks oF hall its

a mplitude. The distance between the positive peaks is again given by twice tile radio

frequecy, so that the whole structure expands as (m1 /2,7 is changed From 75 to 90 Nll.



Single- Molecule Daita

In order to find appropriate spectral positions for observing single-molecule signals, we

first measurcd the variations oF the SFiS amplitude across the inhomogeneous 0) and ()2

bands of pentacene in p-terphenyl using the l MI 'Stark method. The results are shown in

Fig. S. The circles in Fig. 8 represent the mean-square values oF SFS as measured in scans

over 0.5 (GIlz wide spectral regions. Ilhe background mean-square noise level (as mcasurcd

Far away From the absorption lines) has been subtracted From the raw data. Together with

the S:S data. regular absorption spectra of the 0) and (), hands are plotted (smooth

curves) which were recorded on a higher-concentration sample (z2.5 x 10 6 mole/mole) with

a scanning monochromator. The root-mean-square ( RNIS) values of the SFS are

proportional to the liuctuations in tile absorption coefficient and thereFore, to the fluctuations

oF the number Nil oF absorption lines per homogeneous lincwidth. According to the

Fundamental laws oF statistics oF independent additive quantities, thesc fluctuations vary as

the square root of the mean value Nil in the limit Ni > > I . As a cons -quence. the

mean-square (MS) of the SIS spectra should scale with N 0l and, thus, with the mean

absorption coeficient that is measured by the monochromator. These relations are

summarized in FIqs. (1Sa) and (18b).

RMSSTs (AS), AN,1  \, Nw (ISa)

M ,gsi- - N, - oI,. (8b)

F igure 8 shows that there is indeed a good correlation between the MS values of the SFS

and the average absorption cocicient. The scatter in the S FS mean- square values are to

be expected since the SIFS. being a statistical quantity, is itselF suhject to statistical

fluctuations. The arrows indicate typical spectral positions where we observed single-molecuie

spectra in our low-concentration samples ( 2.5 x 10 ( mole/mole). These wavelengths are

very Far away From the peaks of tle inhomogcncous h;ids, iF" one considers the shapes of



tile b-1ids as sti .tlI% (I :Iusi . At ;I LIVc coicenitimoil ol 10 - iole/nlole. tilecN

values, at thle center of' each hanid ire Ces1imtcd to ble I tiel ne l0 1W1 for our Focal

volulme. I sin: a wkidth of- tile inhoinogeneousc (litrilltion inl the 0I hand oF' 42 (HII/2 andi

a sSUTI.Jn I strictly (ii iissian dccmse of' Nil owa rds thle wines of' thle band!, one would

pFCdhct that \11 Ii -10 1) a t thle p)osition Of thle rielit A1 row OQ5'2.457 urn). It 15 obvious

that there ;ire Jlwlk-klccamng jorils or) the illhoiiioeielous hueis, which e'Kteii( (out mutich

I arther than predi c d hv the ( ;uussia i model. Pro hai hItrhewc site,; correspond to dxIYc

molecules near itajor lattice intperlcctlolls sidm as- point deci and dislocations and are.

therefore. iieli' strained Mnid shif-ted hi. :I hitee a;mount From thle equillibr-iumi Positiotn.

Sljj-joleccile ,pectrii recorded At thle w~vlntiof' tile riht arrow inI Fir. 8 and

obtalined wkith thle INM Starlk teclttiqiuC Mre shIownI inl lie. 9. tHe first trace inl VI . 1) is a;

ci1ll t td double- mod nflat Ion) spectrum witich has been1 added F'or cornpa ri sn. Trace (1)) inl

Ii11. 1) dlovs anl overlay of eight t xperi ntiital I c~itits o 5r the saime qpectral region at 592.455

Tim wIcft conttain a strone, -iiile1-r11iCleCul siena1ld near tile cetetr of' thle scan. Fach of- these

races was Obtained by aiveragling thle daIta of' 5 12 sinple laser scans. [ lie fiducial bar above

the stronlo Feature tMirks a distance of 2 I \i)11/!. [lie shape oif the strong

sill e-nilolecule siclnal us very siinilhr to the theoretical line shape (trace (aM) attd also to thle

signals of' persisretit spectral holes probecd witht the doluble-illodlutiort meithlod (lI gq. 7(h) and

ci1). H 1owever, in thle center thle incawstred finteshIape shows a peak which is stronger thanl

expected. I il slight. devia1(1tio Froml theory is titost probablY duec to ati a"hIdiixure of, at Small

aiotit of, tile S, phase, Inl adkditioti to the strotive hatute thle tracs of Ie1,. )0)) contain)

stna ,11cr rceeatable sigti als ec iallyII at the leb edge. hI se" arecrsuial caused H. other

iolecils Mili are locd awliy Froml the laser Focus. s here tile cross-sectionl of, thle beam

is larger thtan itt the waist and, awcirditig to Iq. (I 1), tle signal mtipltudc(Ies correspotiditigly

lower Inl trace (c) thle aiverage, oF thle eiLht scans has, b)ell Calculated amid tile cotitriliti~

of thle .5, phasec has been suibtracted so ;is to nbtaiii a least-squlares; [it h'weeit tile strotig

cetrald feature anid the theoretica line dhape (thick lite overlaid). 1lie laItter was obtaitned



using TXq. (10). Ihe fit is very satisfactory: cpecially tile 10ost pronounced Teatures - the

large negative slope and the large positive slopc separated hy 2v, - are well-reproduced by

tle fit.

Ilhe two traces in I'ios. Q(d) and (e) show dooblc-modolation spectra taken very Fair off

tle i nho mogeneouis band on the doped sample and at the cenrter of tile 0, band on1 all

undoped p-terphcnyl crystal, respectively. In both cases, no absorption lines of pentacene

molecules are expected to be present. [he signals therefkire reflect the noise level of our

double-niodulation tecini(luc, which is composed of shot noise arid a certain amount of

avalanche noise of the photodetector. The contribution of the avalanche noise is

unavoidable, since a detection light power level of' 0.3 p\W Is too high for the use of a

photoniitiplier and not high enough for the shot-noise-limited operation of a regular

photod iode with 5 (2 load. For the sake of comparison with the single-molecule data, two

overlaid SFS spectra recorded at the center of the 0, line for the doped sample have been

added in Fig. 9(f). In contrast to the former, these spcctra are composed of signals from

many molecular absorption lines and, as a consequence, show strong repeatable features all

over tile can ranee.

We observed single-molecule signals similar to those in lig. 9 on several occasions with

several difTerent samples; however, it was not possible to reliably obtain SMI) spectra each

day with the FM,Stark technique. The problem was most probably due to an electrical

phenomenon well-known in organic crystals the injection of charge carriers From the

clcctrodcs into the interior of the cr,;tals. The injected charges Pive rise to strong internal

electric fields which add to the externally applied field and. moreover, may vary in an

unpredictable mnimer aq part of the chargcs move around under the action of file external

AC field. Since tle charges are expected to he trapped if) differcnt surroundings, their

motions iould have different amphitudes and different phase ,dls with respect to tle driving

field. Strong cvidcncc (or tile presence of injected charge carriens conies FIrnl tlie data shown



in Fig. W0. Part (A) contains S ;pectra recorded at tile blue educ of the 0. band ;it

592.0 7 Tint. the1 concentration of' thre sample was; 2.5 x 10 - molenirolc and the radio

f'requencv wkas v - 50 \I II/. .Arepatahle "\V'-like single-molecule signal is clearly visible

airound a relative laser IVCqltl,. - )1 2310 NI I . At the left and right edges of' the scan rane

aIdditionl irpatalble feCaturles are Inc. I which may heb due to other miolecules. [Irace (1-bt

"how-,s the avecrace of- the cight scanz conitai I ;n (aI). In this case, the internal Stark

m Iodut at Iin was, Irodut ced k H~ an elcIcctr Ic f Ield inI th f1 i (0:.1''1a bIp olar s ( uiare wa ve at 5 k l,.

[he rema rkah~ Me pint in thle experimentall condit ions nsed lbr -cording thecse spectra.

however, was that the second- staeec denmodulation in the 1 ock-in iampliftier was perf'ormied aIt

the modulation Frcl neccy rat her than at 2 (,). Ihercf-Ore. the lock-in wvas probing liile

shifts duti to the limear Stark cffecct. Sine Isolated pentaicene. due to Its, center of svinnrletrv,

does lnt exI)hbt an intrinsic linear Stark effect, necither in thle I S, > nor- in the I S1 > state.

his o sra rlPsrofglyv ndhica tes that an injected clia ree cartrier is located near thle Molecule.

indu cinE per-manenit dipole momntts via its C oulomb field. It is unl~i v that aI polar

impurity molecule other than penitacenec gives rise to this SM!) signal for two reasons: First.

thle signais were observedl in the bluec tail of the chiaracteristic 02 site origin for pentacenec

in 1-terphienyl. Far away from thle inliomo1genecous origins no such spectra were observed,

as traces (c) show which were recorded at 51)1.071 rim. The second rea son Is that an impurity

molecule with a much broader absorption line thian pentacenle cannot be observed wvith thle

FNI techniqute, since thle sensitivity of the IM 7\f mthod is restricted to spctra features withI

widlths onl tile order of or narrower thtan I-, (-,ee Section II).

It Is in principle possrible that thle electric di1pole moments of tile pentalcefn olectile

rronsible for this lineair Stark eflecct aire induced by) ain ionic or strongl% polar im1puity

nmoleciule nea rbv rat her than an isolated injectc l dnre carrier. II Ovever, this also seems

unlikely considering thre large SI 5 signal at thle ceoter of tthe 02~ ]tinl i ht was observed InI

tlie 'satne) sale'T11 Wit h lineair Stark - elect detect ion (FTg. 10((d )). 'llt s specif[iC sanifrlv a s

clea ved from a BIridgina i bottle that was grown From ext ensi vel /otte-ite ined ,-terieinml andI
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sublimed pentacene and that provided several other samples which showed only very weak

SFS signals near the centers of the pcntacene absorption lines using the linear Stark effect.

The presence of a large amount of impurity molecules other than pentacene can therefore

be ruled out. The linear Stark effect giving rise to the data in Fig. 10 seems indeed to be

due to the injection of charge carriers, which in this specific sample may have been especially

numerous due to good contacts between the sample and the electrodes and to the extended

period of time in which the sample was exposed to large electric fields. lhese experimental

findings may lead to several interesting applications of SM, 1) namely the study of single

charge carrier traps in organic materials and of local environments with lowered symmetn,
due to nearby charges. Previously a different optical method for the detection of injected

charges in a polymeric sample was reported 5 which was based on persistent spectral

hole-burning; however, it measured the macroscopic electric field generated in the sample by

the injected charges and was therefore insensitive to local effects.

B. F21 1/ lIt-asound Aeasuirements

The study of the local surroundings of single injected charge carriers may become an

interesting field; however, for the detection and spectroscopy of single dye molecules the

effect of charge injection and motion is undesirable, since it gives rise to poor reproducibility

of the Stark shifts. In order to overcome this problem and to provide confirmation of our

single-molecule results with a distinct technique, we used a different secondary modulation

of the absorption lines, namely the application of time-varying stress fields with ultrasound.

The corresponding demodulat ion was performed at the ultrasonic frequency using a second

rf mixer (see Fig. 4(h)). Good single-nmolecule spectra were obtained with both longitudinal

and tr;insverse ultrasonic waves, as will be demonstrated below.

The two traces in Fig. I 1(a) show SFS spectra taken at the center of the 01 band

(592.321 im) using a modudation with transverse ultrasound at a frequency of 4.9 M I Iz.

hlie sample was honled to an AT-cut quart/ transducer of' i nch diamcter, which carried
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highly reflective gold electrodes on both sides. lhc Iieht reflected ofT the transducer (wich

passed through the sample twice) was focussed onto the photodetector. As expected. tile

resulting SFS spectra were somewhat more reproducible than for the FMStark case. Upon

proceeding out in the ,rings of the inhomogeneous line. the SFS amplitude was observed to

decrease until multiple-molccule and then single-molecule spectra were observed. The traces

(b) through (e) show scans over a spectral region at the blue edge of 0 (592.004 nm). These

spectra were recorded using diflerent light modulation Frequencies of 91 Mllz (b), 76 MlIz

(c). 61 N1l1, (d), and 51 Mll. (c). Although the signal-to-noise ratio is somewhat worse than

the :Mi Stark case (due to the averaging of only 12R -cans for each trace), a "W"-like

single-molecule signal is clearly visible in all of these traces. As vm is decreased. the "W" line

shape contracts such that the distance between the downward and the upward slope is always

equal to 2v,. The fiducial bars above the traces mark these distances. [he Fact that a change

of v, causes a symmetrical contraction or expansion is the final proof that the "W"-like

spectral Features that we observe are really due to single molecules (or several molecules

absorbing at exactly the same frequency). If these signals were composed of spectral Features

arising from several molecules at several wavelengths, thev would not change in such a

systematic manner. The SFS signal at the line center, for instance. does not exhibit

well-defined changes when vm is varied. The possibility that the "W"-like line shapcs are

generated by more than one molecule absorbing at exactly the same wavelength. on the other

hand. cannot be totally ruled out, but this seems extremely unlikely so Far away From the

center of the inhomogeneous distribution (compare the estimate of the Nn, values in Section

IV.A).

The last two pairs of traces in Fig. I1, (f) and (g), are spcctra recorded very far away

from the pentacene absorption lines (at 590.452 ni) and scans with no light Falling on the

detector, respectively. The comparison between (F) and (g) shows that the sensitikity of our

double-modilation method is Iimited by light-rela ed noise (I) which is dist inctlv larger than

.,!c background noise of the electronics (g). I lowever, as was menlioned earlier, our
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measurenent is not fully quantum-limited but contains a contribution from the avalanche

noise of the detector.

At this point a comment on the amplitude of the single-molecule signals as compared to

the FM/Stark method may be made. The signal-to-noise ratio in Fig. 11(b) through (e) is

smaller than that of our best FM'Stark data (see Fig. 9 (b)) by more than a factor of two

that can be explained by the difference in averaging time. The most probable reason is that

the ultrasound shifts the center frequencies of the absorption lines by a smaller amount than

the electric field. This corresponds to a smaller modulation index m of the secondary

modulation and, accorditg to Eiq. (10). rezults in a decrease of the signal amplitude which

linearly depends on m. The data shown in Fig. iI were taken using a power level of -15

(1Bm to drive the ultrasonic transducer. This level gave the largest SFS signals at the centers

of the absorption bands I Higher driving powers resulted only in a broadening and,

eventually, in a decrease of the SFS signals. A possible reason for this behavior is the

build-up of incoherent ultrasound in the sample due to reflections at the free surface23 and/or

possible heating effects A proper acoustic "rmination should help to improve the former

problem in future measurements.

In the case of secondary modulation with transverse ultrasound, the signal-to-noise ratio

was worse than that for the FM/Stark technique, probably due to a smaller modulation index

m (see above). The repeatability of the spectra was improved, however. In order to test if

the signal size could be increased by using !cgitudinal rather than transverse ultrasound.

we replaced the AT-cut quartz transducer by a X-cut transducer at 5 M Iz. This transducer

had no electrodes so that a special sample holder assembly was required for exciting the

ultrasonic oscillations. We sandwiched the transducer between two ITO-coated glass plates

with the coated sides next to the transducer. In order to achieve a good mechanical contact

we placed thin layers of' Nonaq stopcock grease between the elements of this stack. The

-ample was then bonded to the outer side of one of the glass plates with phenyl salicvlate.
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The advantage of this configuration as compared to tile use of a coated transducer was its

optical transparency and lower optical losses due to scattering in the sample.

Several typical spectra obtained with longitudinal ultrasonic modulation are displayed in

Figure 12. All the traces were obtained by averaging 128 single scans. The structure of the

figu i: similar to that of lig. I!. 1he two traces labeled (a) show strong, SFS nzcar th;c

center of the 01 line (at 592.312 nm). As in the case of transverse ultrasound, the power

level of the secondary modulation was adjusted so as to obtain maximal amplitude of the

SFS signal, the optimal value turned out to he -20 dBm. The traces (h) through (d) were

taken at the blue edge of the 02 band (at 591.982 nm) with the same ultrasonic power.

Each contains a strong single-molecule signal left of the center and several other repeating

features which, again. are probably due to other molecules located outside the focal region

of the laser. The rf modulating frequency was varied From 76 M117 (b) to 91 MI1z (c) and

back to 76 M11z (d). The strong "W"-like feature expands and contracts in accordance with

these changes (compare the fiducial bars), giving strong evidence for a single molecule. The

changes of the smaller signals, on the other hand, do not follow the frequency variation in

a similarly obvious way, which suggests that they are caused by several overlapping

out-of-focus molecules. This seems reasonable, because there are much larger portions of the

probe volume out of the laser focus than in the tiny focal spot.

The signal-to-noise ratio is clearly better than in the case of transverse ultrasonic

modulation and is comparable with the Stark effect experiment at equal averaging times

(compare Figs. 9, i1 and 12). The better signal-to-noise ratio suggests that the molecular

absorption lines are more efficiently shifted by the periodic compression and rarefaction

connected with a longitudinal wave than by a shear wave.

The two traces in Fig. 12 (c) were taken way off the 02 line at 590.741 mim. and these

scans do not contain repeatable signals above the noise level. In a manner similar to tile

Stark and transverse ultrasonic modulation techniques. this result confirns that far enough
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away from the inhomogeneous line center, no pcntaccnc molecules arc in resonance with the

laser frequency. Although the inhonogencous distribution falls ofT in the wings much more

slowly than the strict Gaussian law would predict (sec above), it definitely reaches zero in a

certain distance which is smaller than the frequency difference between the 0, and 0, bands

of roughly 4 arm. The traces () at the bottom ot Fig. 12 wcre taken with no light impinging

,-, "1h0 JC.ctor these 1mvn !,w that the ',ise tevel of our clcctronic. is sma,,cr tlhan thc

light-related noise of traces (e).

Considering all the experimental data, a comparison between the amplitudes of the SMI)

signals in the wings of the inhomogeneous line and the SFS spectra taken near the center

of the inhomogeneous line may now be made. Using the known cross section and dilution

of our samples, we estimated the average number Ni, of molecular absorption lines per

homogeneous linewidth in the probe volume to be on the order of 10' - l01 near the band

center. If we assume that the number fluctuations AN,, roughly scale as \/Ni (which

underestimates AN,, for small N,,), we expect the amplitude of SFS spectra taken near the

center of the inhomogeneous band to be larger than a single-molecule signal by a factor of

at least 30 - 100. In part of our experimental data, this difference is much smaller - especially

with the FM/Stark technique (see Figs. 9 - 12). An explanation mry be dhat the molecules

absorbing at the line center which are located in near-equilibrium positions are subject to

strong power bioadening and a corresponding reduction of their peak absorption cross

section. In Sec. III we calculated the saturation light intensity for pentacene in

p-terphenyl to be 71 mW/cm 2 whereas the actual intensity in our focal spot (in one sideband)

was - 0.85 W/cm 2. Thore molecules which absorb out in the wings, on tle other hand, can

be assumed to sit in highly strained sites and may have a higher effective saturation intensity.

IEvidence ror this hypothesis comes also fIom lhe absolute magnitude of' our SMl) ignals

(see Sec. III).
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Another possible reason for the amplitude of our SMI) signals could, in principle, be that

they are due to pentacenc dimers rather than monomers. Lven in very dilute solutions of

the dye, a certain amount of dlimers can be expected to occur, since the solubility in the

molten phase during sample preparation is not perf'ect. There are dimer absorption origins
28both to the red of the O and to the blue of' the 0, monomer bands . I lowever, the

intervqtem-cros1mng rates k2, at least of the long-wavelength dimer states, are much hipher

than those of the 0 and 0, monomers 2 , which would give rise to even stronger power

broadening due to triplet bottleneck effiects 30 . No detailed information about the absorption

cross sections ' and phosphorescence decay rates k,, of various dimers is currently available

so that a qualitative calculation of the saturation light intensity cannot be performed.

Nevertheless, due to the high intersvstem crossing rates, it seems unlikely that dimers are the

origin of our strong SM I) signals.

One might argue that it should be possible to test experimentally if a single molecule is

subject to strong pumping (i.e., AC Stark effects) by the laser light field or not. If the

molecule interacts with a strong light field, its absorption line is expected to split into two

components, one positive and one negative, whose separation and relative amplitudes depend

on the intensity and rrequency detuning of the light from the molecular resonance

frequency . This effect, which was first demonstrated in sodiln vapor, cannot easily be

observed for dye molecules embedded in a solid, since, due to the inhomogeneous

distribution, the molecular line doublets are smeared out to one power-broadened line. For

one single molecule, however, it should in principle be possible to observe the line splitting.

lowever, our FM scheme is not capable of achieving this for the following reason. In otir

experiment, the molecular absorption line is saturated by the carrier frequency and probed

by the two sidebands. In the simplest case we can assume that the sidebands are weak

enough that they do not cause strong pumping. The I'M signal is generated (in the S, phase)

by subtracting the absorption experienced by the tipper sideband from that experienced by

the lower sidcband. Since all three freq ucncies Including the carrier are scanned
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simultaneously, the splitting of the absorption line caused 1v the saturating carrier changes

during the scanning process. The resulting [NI signal is the same as for a regular

power-broadened Lorcnt7ian line, as we have checked hy model calculations. The shape of

a single-molecule signal in our F:M,Stark or FNI/US doublc-modulation experiment does,

therefore, not reveal any strong-pumping effects,. Future work should consider whether or

not strong pumping effects can be detected by operating in the dispersion-sensitive (S7) phase.

V. Summary and Conclusion

In the present paper we have demonstrated the possibility of detecting the absorption

signal of one individual dye molecule in a transparent matrix. Our model system was

pentacene in a p-terphenyl single crystal at 1.5 K. In order to select one single absorption

line we chose rather dilute dopant concentrations between 2 x 10-7 and I x 10 6 mole/mole

and investigated spectral regions out in the wings of the inhomogeneous 0, and 0,

absorption hands corresponding to the electronic IS > '- IS > (0 - 0) transition. Our

detection method was based on laser ['M spectroscopy with modulation frequencies between

50 and 100 Millz. Since in this technique weak signals are often obscured by residual

amplitude modulation (RAM), we used a secondary modulation of the absorption lines of

the sample by applying either an electric ac field or transverse or longitudinal ultrasonic

waves. With each of these three double-modulation methods we achieved a detection

sensi tivity close to the qua nturn noise limit and una mbiguouslv observed single-molecule

signals. This rules out the possihility of art iafcts that might arise if only one teclniquc is

used. In order to obtain a favorable signal-to--noise ratio, we chose to tolerate some power

broadening of the absorption lines,. I lowever, the absolute amplitude of the SIl) signals

as well as its relation to the magnitude of SFS recorded near the centers of the

inhomogeneous hands led to the concusion that molecules absorbing out in the wings have
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a higher saturation light intensity than those at the center. This may indicate that the

presence of high local strains at the single-molecule sites alters the intersystem crossing rates.

The spectroscopic detection and study of single dye molecules in a solid may lead to a

variety of novel experimental studies in the future. One direction could be the measurement

of the photophysical properties of the dopant molecules themselves, such as lifetimes and

transition rates. In this context, it would be interesting to repeat the experiments reported

here on samples with much lower pentacene concentrations, in which single-molecule spectra

could be detected closer to the centers of the inhomogeneous origins. By investigating power

broadening behavior, it should be possible to obtain information about the influence of tile

matrix environment on intramolecular relaxation channels, especially on the intersvstem

crossing rate.

Another application of single-molecule spectroscopy could be the extremely site-selective

investigation of small changes in the matrix, in which case the dopant molecule acts only

as a probe. An example is persistent spectral hole-burning on one molecule, which might

help to elucidate the hole-burning mechanism in the pentacene / p-terphenyl system. Since

pentacene is a fairly photostable molecule for long-wavelength irradiation at low

temperatures, the mechanism probably involves a structural or orientational rearrangement

of a nearby matrix molecule. Other studies of the influence of the local environment could

be accomplished by measuring the effects of external perturbations (excluding of course the

external Field required to detect the absorption).

If SIl) can be reali/ed in amorphous dye-matrix svstlems, an itcresting applicilon

might be the microscopic study of spectral diffusion l 9 hi. phenomenon is a

spectroscopic maifestation of slow relaxat on processes that are common in non-eluilibriun

solids such as glasses. In hole-burning experiments, spectral difrusion leads to hroad-ning

of a hole with a logarithmic time dependence" One single molecular absorption line, on the

other hand, is expected to perform a random-walk-like motion. It would be iece-sarv,
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however, to find an amorphous dye-matrix system with an extremely low hoic-burning

quantum yield, so that the center can be observed over a sufficiently long period of time.

In general, the optical detection of single molecules in a solid removes any effects of

inhoMnogeneous broadening which, to some extent, are still present in conventional

site-selective methods of spectroscopy such as persistent spectral hole-burning and coherent

transients. It is therefore capable of investigating dye-matrix interactions in a truly local

manner, since the usual averaging over many dopant molecules with accidentally degenerate

transition frequencies is absent.
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FIGURE CAPTIONS

Figure 1. Structure of an inhomogencously broadened absorption line (upper part) an(

principle of single-molccule detection (lower part) in a schematic representation. The

inhornogeneous line is the envelope of many accumulated molecular 7ero-phonon

(homogencous) absorption lines arising from absorbing molecules in a transparent matrix.

Near the center, the inhomogencous hand is approximately Gaussian, whereas far out in the

wings single homogeneous lines are present. The lower part shows cross sections through

the sample with the waist of a Focussed laser beam. At the line center, many dye molecules

are located in the path of the beam, out in the wings very few molecules (id,llV: one single)

are probed.

Figure 2. Schematic of a -imple F:M experiment. The top of the figure shows the light

spectrum at the output of the laser, after the clectro-optic modulator crystal, and after the

sample (from left to right), the arrows indicating the relative phases of the electric light fields.

For a discussion see text. More detailed diagrams of our double-modulation techniques are

depicted in Figs. 3, 4(a), and 4(b).

Figure 3. Optical setup used in the SMI) experiments. F-or the connections of the first-stage

local oscillator LO.I, the external drive for he sample modulation. and the output signals

of the photodiode, P) and P)IR, see Figs. 4(a) and 4(b). lI;c svmbols are explained in

the text.

Figure 4(a). Schematic showing the processing of the signals of the photo-diodes I')l and

P1)IR in the F:MiStark experiment (compare Fig. 4(b)). The first-stage demodulation (with

respect to the I;ircr I\ performed by the mixers M1. the second-stage deniodulation (with

respect to the electric-field modulation of the Nample) by the lock-in amplifier liA. Two
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different high-voltage sources IIV were usced which providcd either a sinusohal wavcl'orni

or a bipolar square wave. For the explanation of the other symbols see the text.

Figure 4(h). Schematic showing tile processing of the signals of the photo-diodes PDI and

Pl)IR in the [NIT'FS experiment (compare Fig. 4(a)). The first-stage demodulation (with

respect to the laser I:%) is performed by the mixers M I, the second-stage demodulation (with

respect to the ultrasonic modulation of the sample) b% mixer \12. For the explanation of

the other symbols see text.

Figure 5. Theoretical double-modulation line shapes. (a) A broad l.orentuian absorption;

(b) [M - S, signal for (a); (c) l)ouble modulation - S, signal for (a); (d) l)oi2lle modulation

- S, signal for a narrower Lorent7ian. (e) Dispersion signal for (a); (f) IM - S, signal for (a);

(g) Double modulation - S2 signal for (a); (h) l)ouhle modulation - S, signal For a narrower

L.orentzian. All v-axis scales have been normalized for clarity, with zero signal at the center

of each v axis.

Figure 6. Persistent spectral holes for pentacene in p-terphenyl detected using simple F7M

with O)m2rr7..5 Nil z. (a) I lole just after hurning, (h) Applied dc field of 28 kV/cm, (c)

Applied dc Field of 45 kV/cm, (d) Back to zero field.

Figure 7. Spectral holes detected using simple :M and INI,.'Stark double modulation. (a)

lHole in simple FM. , ',),/27t - 75 Mlz. S, phase. (h) l:'\IStark, S, phase.

Urn= 75 Mll1, 2f detection. (c) vm = 90 %111,'. (d) S. phase,r = 75 Nill/. (e) r . O \111/.

Figure 8. Variations in SI:S and ril. over the 01 and ()2 ands. lhe circles represent

mean-square values of SFS over 0.5 (ill spectral ranges. The solid line is the measured
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absorptance from a higher-concentration sample. The arrows mark the approximate spectral

ranges in which single-molecule spectra were recorded.

Figure 9. Single-molecule spectra using FM/Stark technique (quadratic Stark effect) (a)

Simulation of FM/Stark lineshape. (h) SM) spectra at 592.455 nm, 512 averages, 8 traces

overlaid, bar shows value of 2vm = 150 MIz. (c) Average of traces in () (S2 removed) with

fit to the in-focus molecule (smooth curve). (d) Signal far off line at 597.514 nm. (e) Signal

at 0, line center (592.326 nm) for an undoped p-terphenyl crystal. (f) Traces of SFS at the

( 2 line center (592.186 nm) for the (loped crystal.

Figure 10. FM/Stark spectra with second-stage demodulation sensitive to a linear Stark

effect. (a) Eight overlaid spectra at 592.057 nm, vm -- 50 Mllz, 512 scans averaged for each.

(b) Average of the eight traces in (a). (c) Spectra way off line at 593.071 nm. (d) Strong

SFS at 02 line center, 592.192 nm.

Figure 11. FM/US spectra with transverse (shear) ultrasound, 128 averages each. (a) SFS

at 0, line center (592.321 nm) (b) SMI), S phase, t,m = 91 MlIl, 592.004 nm. (c) Same

region, vm = 76 Ml lz (d) Same region, vm = 61 Mllz (c) Same region, v,= 51 Mlii (f) Far

away from the pentacene absorption lines, 590.452 ni. (g) No light on the detector.

Figure 12. FM/US spectra with longitudinal ultrasound for secondary modulation, 128

averages each. (a) SFS near 01 line center with %,m = 76 MlII z , 592.312 nm. (b) SMI) at

591.982 nm, Vm - 76 MIlz (c) vm = 91 MlIIz (d) 'm = 76 Mlilz (e) Wav off line, 590.741 nn.

() No light on the detector.
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